We have developed an electron optical instrument for evaluation of multi emitters. The instrument is a versatile emission microscope and is capable of operating as a secondary electron emission microscope (SEEM), a photo electron emission microscope (PEEM) and a field electron emission microscope (FEEM) imaging modes. The most important feature of the instrument is the capability of simultaneous observation of SEEM and FEEM images as well as PEEM and FEEM images in real time and in-situ mode. The operating condition of the multi emitters can be observed in DC mode as well as pulse mode. Thus, the instrument enables us to obtain quantitative knowledge as to the percentage of actually working emitters out of the whole emitters and to evaluate the stability of the emission current from each individual working emitter.
I. INTRODUCTION
Multi emitters such as field emitter arrays (FEAs), a metal insulator semiconductor (MIS) structure device called HEED (high-efficiency electron emission device) [1] and carbon nanotubes (CNTs) have been attracting much attention because of their great potentialities for wide range of future applications. One of the most promising applications of multi emitters is their use as multi field emission sources for field emission displays (FEDs) or flat panel displays (FPDs). Multi emitters have recently been examined as an electron source for a high power traveling microwave tube (TWT) [2] for satellite communication.
Multi emitters are also regarded as strong candidates for multi field emission sources for a multi-column, multibeam direct write electron beam lithography system [3, 4] , because a high throughput, high resolution electron beam lithography system is strongly required as a substitute for a light optical lithography system in the next generation.
In spite of their important potentialities, there exist very few instruments to carry out systematic and quantitative studies for evaluating their emission characteristics and performances. Little quantitative knowledge has been obtained so far on the points as to (1) the percentage of actually working emitters out of the whole emitters, (2) reasons why some of the existing emitters are not working, (3) stability of the emission current from each individual working emitter, (4) reasons for instability and possible countermeasures against it if the emission current is unstable, and so on. The situation has motivated us to develop a novel electron optical instrument for evaluation of emission characteristics of multi emitters [5] . This paper describes the outline of the instrument and some recent experimental results. Figure 1 shows a schematic diagram of the electron optical instrument for evaluation of multi emitters. For detail of the region enclosed by dashed lines, see Fig. 2 . The specimen (= multi emitters) is kept floating at a negative high potential of about −10 kV, while the imaging lens system, which consists of objective lenses (OL and OL2), intermediate lenses (IL1 and IL2) and a projector lens (PL), is grounded on the earth.
II. OUTLINE OF THE INSTRUMENT
The instrument is a versatile emission microscope, in which a magnified image of specimen surface can be obtained by means of electrons emitted from the specimen itself floating at a negative high potential. The instrument is equipped with a beam illumination system that irradiates the specimen with electron beam or UV light for obtaining secondary (or reflected) electrons or photo electrons emitted from specimen surface. Field emitted electrons can also be obtained from emission sites of the specimen by controlling the extraction voltage (or drive voltage) applied through the specimen stage. Those electrons emitted from the specimen surface are used to form the magnified image of the specimen surface onto the entrance plane of the multi channel plate (MCP) by means of the imaging lens system. Thus, the instrument is capable of operating as a secondary electron emission microscope (SEEM), a photo electron emission microscope (PEEM) and a field electron emission microscope (FEEM). In SEEM imaging mode, the incident energy of electron beam is generally a several tens of eV. Therefore, secondary electrons are predominantly emitted from the specimen surface. The operation mode of SEEM is almost same as that of low energy electron microscope (LEEM) mode, where the incident energy of electron beam is generally used at below about 10 eV, and the magnified image of the specimen surface is formed by means of diffracted electrons elastically-scattered on the specimen surface. The most important feature of the instrument is the capability of simultaneous observation of SEEM and FEEM images as well as PEEM and FEEM images in real time and in-situ mode, as described later. Special attention has been paid to the design of the objective lens OL, which determines the ultimate performance (i.e., the spatial resolution) of the instrument. The objective lens field of the emission microscope normally consists of the cathode lens and the following focusing lens field. The cathode lens, i.e., the homogeneous elec- trostatic accelerating field in front of the cathode (= specimen) can form a virtual image of the specimen surface, but not a real image. A focusing lens is, therefore, required after the cathode lens in order to obtain a real image of the specimen surface. According to a theoretical calculation, we have found that for an improvement of the spatial resolution of the cathode lens the electrostatic accelerating field in front of the cathode must be as strong as possible, and superposition of a magnetic field onto a homogeneous electrostatic accelerating field in front of the cathode is greatly effective for decreasing the aberration effect of the following focusing lens field. We have therefore adopted a magnetic-field-superposed cathode lens instead of a pure electrostatic one, as shown in Fig. 2 . The electrostatic accelerating field in front of the specimen is typically 5 kV/mm. Similar lens configurations are also proposed by Chmelik et al. [6] and Lenc et al. [7] . Note that in their proposal the magnetic field is only used for the focusing lens field and in not used for superposition onto the homogeneous electrostatic accelerating field in front of the cathode. Figure 3 shows an overview picture of the instrument. The whole instrument is evacuated by a combination of ion pumps and turbo molecular pumps, and is capable of high temperature baking to attain an ultra-high vacuum condition of 10 −8 Pa for stable operation of multi emitters. The specimens are exchangeable under ultra high vacuum condition using the specimen transfer rod (1). In the specimen preparation chamber (2), heating and aging process of multi emitters, observations of emission patterns from multi emitters, measurements of currentvoltage characteristics and so on are possible before the specimen is brought to the objective lens position (3) by the transfer rod for observation.
III. IMAGING MODE

A. SEEM imaging mode
In the SEEM imaging mode, the electron beam from the LaB 6 electron gun, whose accelerating voltage is 10 kV, is introduced to the optical axis of the instrument through the beam separator and irradiates the specimen. Then secondary (or reflected) electrons emitted from the specimen are used to image the specimen surface. The beam separator is actually a Wien filter which deflects only the electron beam coming from the LaB 6 electron gun. The electrons emitted from the specimen, on the other hand, go straight through the beam separator after being accelerated up to 10 keV and forms the magnified image of the specimen surface onto the entrance plane of the MCP by means of the imaging lens system. The image is intensified by the MCP and is sent to the PC via CCD camera.
The incident energy of the electron beam onto the specimen can be controlled to an arbitrary energy by adjusting the output voltage V S of beam energy adjusting (BEA) unit, where a several tens of eV is generally used as an incident energy of electron beam for SEEM imaging mode (see Figs. 1 and 2) . If the output voltage V S of BEA unit is kept approximately zero, the incident electron beam cannot reach the specimen and are reflected immediately in front of the specimen, which corresponds to a mirror electron microscope (MEM) imaging mode.
B. PEEM imaging mode
In the PEEM imaging mode, UV light is irradiated from outside the vacuum chamber through a viewport onto the specimen surface by using a deuterium lamp source. The photo electrons emitted from the specimen surface are accelerated up to 10 keV and are used to form the magnified image of the specimen surface onto the entrance plane of the MCP by the imaging lens system. In this case, the beam separator (= Wien filter) is not used.
C. FEEM imaging mode
The FEEM imaging mode is explained below for the case of the Spindt type FEA as a typical example of multi emitters. As the drive voltage (= emitter-to-gate voltage) V d is gradually increased, some of emitters start to emit field-emitted electrons, which are accelerated up to 10 keV and are imaged by the imaging lens system to form a magnified image of the emission sites of the FEA.
It must be noted that the drive voltage unit (DV unit) should be kept floating at a negative high potential, since the specimen (= multi emitters) is kept floating at a negative high potential of about −10 kV. The floating DV unit is capable of driving multi emitters in DC mode as well as in pulse mode. The frequency and duty ratio (pulse width) can be controlled by a microcomputer from DC to 120 Hz and 1 to 1/100, respectively, as shown in Fig. 2 . The operation mode of the DV unit is very important and will be described later.
D. Simultaneous observation of SEEM and FEEM images and PEEM and FEEM images
As mentioned above, the electron optical instrument for evaluation of multi emitters we have developed is a versatile emission microscope which is capable of operating as an SEEM, a PEEM and an FEEM. The most important feature of the instrument is the capability of simultaneous observation of SEEM and FEEM images as well as PEEM and FEEM images in real time and in-situ mode.
The principle of simultaneous observation of SEEM and FEEM images is explained as follows. By irradiating the specimen with electron beam from the LaB 6 electron gun, secondary (or reflected) electrons are emitted from the specimen to form a SEEM image. At the same time, if a drive voltage V d is applied between the emitter and the gate electrode, then a FEEM image is formed by field-emitted electrons from multi emitters and overlaps onto the SEEM image. Thus, simultaneous observation of SEEM and FEEM images is possible.
Simultaneous observation of PEEM and FEEM images can be done in a similar way. By irradiating the specimen with UV light, photo electrons are emitted from the specimen to form a PEEM image. At the same time, if a drive voltage V d is applied between the emitter and the gate electrode, then a FEEM image is formed by field-emitted electrons from multi emitters and overlaps onto the PEEM image. Thus, simultaneous observation of PEEM and FEEM images is possible.
The SEEM and PEEM images are essentially the magnified images of the specimen surface and hence disclose the surface fine structures of the gate electrode as well as the geometrical shapes of gate holes of FEA. The FEEM image, on the other hand, is essentially the magnified image of the spatial distribution of emission sites of FEA. By simultaneous observation of either SEEM and FEEM images or PEEM and FEEM images, we can therefore distinguish the working emitters from non-working emitters quite obviously. This situation enables us to obtain quantitative knowledge as to the percentage of actually working emitters out of the whole emitters, stability of the emission current from each individual working emitter and so on. 
IV. EXPERIMENTAL RESULTS
A. Simultaneous observation of SEEM and FEEM images
The specimen we have observed is a test sample of the Spindt type FEA [8] without a resistance layer as shown in Fig. 4 . Therefore, the uniformity of emission characteristics may be rather worse than that of the FEA having a resistance layer. The FEA consists of gate holes of 1 µm in diameter and Pt emitters inside the holes. Gate holes are located at intervals of 5 µm. The specimen has the size of 3×3 mm squares and is mounted on a TO5 IC holder for observation. Aging process of the FEA before observation was carried out in the specimen preparation chamber. The FEA was heated at a temperature of 150
• C for about 3 hours and was driven in DC mode with the drive voltage (= gate voltage) of 60 V for about 4 hours until the emission current become stable. After aging process, the specimen was brought to the objective lens position by the transfer rod for observation. corresponds to a field emission site and indicates that the corresponding emitter is active. When the drive voltage V d is increased up to 75 V, the number of the emission sites as well as the emission current from each emitter is increased, as shown in Fig. 5(c) . These results enable us to obtain quantitative knowledge as to the percentage of actually working emitters out of the whole emitters under the respective conditions of drive voltage. Figure 6 shows typical examples of simultaneous real time observation of SEEM and FEEM images from the same area of the FEA under a constant drive voltage of 70 V in DC mode. The dynamical fluctuations of field emission can be observed as a series of images for several seconds. This indicates that the instrument is capable of observing instability of the emission current from each individual working emitter and dynamical behaviors of the FEA.
B. Simultaneous observation of PEEM and FEEM images
The specimen we have used for simultaneous observation of PEEM and FEEM images is a metal-insulatorsemiconductor (MIS) structure device called HEED (highefficiency electron emission device) [1] , as shown in Fig. 7 . The operating principle of the HEED is summarized as follows. When a drive voltage V d is applied between the top electrode and the bottom electrode, a diode current Id flows from a top electrode to the bottom electrode, and part of electrons which correspond to several percent of the total diode current are emitted as an emission current from the dimples into vacuum. For detailed description of the HEED, readers should see reference [1] . Fig. 8(a) correspond to dimples (1 µm in diameter) . When the drive voltage V d is increased to 7 V, some of dimples start emission as shown in Fig. 8(b) , where white spots correspond to the FEEM image and overlap onto the PEEM image. The electrode surface of the HEED can still be observed as a PEEM image. When the drive voltage V d is increased up to 11 V, all of 4×4 dimples are working as can be seen in Fig. 8(c) . However, the PEEM image which indicates the electrode surface of the HEED can no longer be observed because the intensity of the FEEM image formed by electrons emitted from dimples is several orders of magnitude stronger than that of the PEEM image. This situation can be overcome by pulse mode operation of the drive voltage, which will be described in the next section.
DC mode operation
Pulse mode operation
The pulse mode operation of the DV unit allows intermittent operation of multi emitters, and the average value of the emission current is greatly decreased as compared with the case of DC mode operation. This means that even under a sufficiently high drive voltage condition the intensity of the FEEM image might be comparable with that of the PEEM image, and hence the PEEM image, i.e., the surface fine structures of the top electrode would be visible simultaneously with FEEM image. pulse mode with a pulse frequency of 120 Hz and a duty ratio of 1/100, some small white spots, which correspond to emission sites, appear, as shown in Fig. 9(b) . This indicates that the corresponding dimple is active. When the drive voltage V d is increased up to 12 V in pulse mode (pulse frequency: 120 Hz, duty ratio: 1/100), all of 27 dimples are working, and the emission current from each dimple is increased, as shown in Fig. 9(c) . In this case the PEEM image, i.e., the surface fine structure of the top electrode is actually visible, while the PEEM image in DC mode operation as shown in Fig. 8(c) cannot be observed.
The pulse mode operation of multi emitters is often required for practical application of multi emitters. Besides the above practical requirement, the pulse mode operation of multi emitters is also very effective for a stable operation of the electron optical instrument for evaluation of multi emitters. As mentioned before, there exists a very strong electrostatic accelerating field between the specimen and the objective lens. If the emission current from the specimen is considerably increased, the vacuum condition in the space between the specimen and the objective lens would become worse. This situation would cause the electric discharge between the specimen and the objective lens. The pulse mode operation of multi emitters greatly reduces the average value of the emission current, and hence is very effective for a stable operation of the instrument without any electric discharge.
V. DISCUSSIONS
The instrument enables us to carry out in-situ, real time observation of operating condition of multi emitters and to distinguish the actual working emitters from nonworking emitters. The stability of emission current from each individual emitter can also be monitored. The emission characteristics depend on the emitter surface condition such as contaminations as well as the geometrical condition such as sharpness of the emitter tip. For stable and efficient multi emitters, therefore, we must make clear the reasons why emission current from some of emitters are unstable and why some of emitters are not working. For this purpose the instrument must be equipped with surface processing devices such as an ion gun or a plasma source. The resolution of the instrument must also be improved so that sharpness of each individual emitter tip might be estimated. These problems will be the main research subjects in the next stage.
VI. CONCLUSIONS
We have developed an electron optical instrument for evaluation of multi emitters. The instrument is a versatile emission microscope, in which a magnified image of specimen surface can be obtained by means of electrons emitted from the specimen itself floating at a negative high potential. The instrument is equipped with a beam illumination system that irradiates the specimen with electron beam or UV light for obtaining secondary (or reflected) electrons or photo electrons emitted from specimen surface. Field emitted electrons can also be obtained from emission sites of the specimen by controlling the drive voltage applied through the specimen stage. Thus, the instrument is capable of operating as a secondary electron emission microscope (SEEM), a photo electron emission microscope (PEEM) and a field electron emission microscope (FEEM). The most important feature of the instrument is the capability of simultaneous observation of SEEM and FEEM images as well as PEEM and FEEM images in real time and in-situ mode. The operating condition of the multi emitters can be observed in DC mode as well as in pulse mode. Thus, the instrument enables us to obtain quantitative knowledge as to the percentage of actually working emitters out of the whole emitters and to evaluate the stability of the emission current from each individual working emitter.
